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The recently discovered trans-acyltransferase
modular polyketide synthases catalyze the biosyn-
thesis of a wide range of bioactive natural products
in bacteria.Herewe report the structureof the second
ketosynthase from the bacillaene trans-acyltransfer-
ase polyketide synthase. This 1.95 A˚ resolution struc-
ture provides the highest resolution view available
of a modular polyketide synthase ketosynthase and
reveals a flanking subdomain that is homologous to
an ordered linker in cis-acyltransferasemodular poly-
ketide synthases. The structure of the cysteine-to-
serine mutant of the ketosynthase acylated by its
natural substrate provides high-resolution details of
how a native polyketide intermediate is bound and
helps explain the basis of ketosynthase substrate
specificity. The substrate range of the ketosynthase
was further investigated by mass spectrometry.
INTRODUCTION
The complexity of reduced polyketides is a reflection of the
polyketide synthases (PKSs) that produce them—a series of
multidomain modules that catalyze the elongation and process-
ing of polyketide intermediates in assembly-line fashion (Piel,
2010; Keatinge-Clay, 2012). While PKS modules are comprised
of domains equivalent to those of type I fatty acid synthases
(FASs), their products are much more functionalized due to the
processive nature of these assembly lines and the combination
of enzymes present within their component modules. Because
invaluable human medicines such as the antibacterial erythro-
mycin, the antifungal amphotericin, and the anticancer agent
epothilone are produced by these biosynthetic machines, it is
anticipated that understanding their architectures and activities
will accelerate the development of new medicines.
Until quite recently, all of the available structural information for
PKS assembly lines was from cis-acyltransferase (cis-AT) sys-444 Structure 22, 444–451, March 4, 2014 ª2014 Elsevier Ltd All rightems (Keatinge-Clay, 2012), in which AT domains are integrated
into the assembly line polypeptides C-terminal to ketosynthase
(KS) domains. Within the modules of cis-AT PKSs, the AT
domains are rigidly connected to the dimeric KS through an
100-residue subdomain also present in metazoan FASs (Tang
et al., 2006, 2007; Maier et al., 2008; Pappenberger et al.,
2010). In contrast, the AT domains of trans-AT PKSs are not inte-
grated into the assembly lines but expressed as free-standing
polypeptides (Patel et al., 1995; Calderone et al., 2006; Chen
et al., 2006, Butcher et al., 2007; Moldenhauer et al., 2007,
2010; Reddick et al., 2007; Jenner et al., 2013; Figure 1). These
discrete ATs usually transfer malonyl extender units to several
acyl carrier protein (ACP) domains within a synthase (Cheng
et al., 2003); however, some transfermore unusual extender units
to specific ACPs (Musiol et al., 2011). The first reported trans-AT
PKS, which has become prototypical for this PKS class, is the
bacillaene synthase found within Bacillus subtilis and Bacillus
amyloliquefaciens (pksX and baeX gene clusters, respectively;
Piel, 2010). Bacillaene (Figure 1) is a linear polyene diamide
that inhibits prokaryotic protein synthesis (Patel et al., 1995).
The only structure available from a trans-AT PKS assembly is of
a ketosynthase-branching didomain from the rhizoxin pathway
(Bretschneider et al., 2013).
The carbon-carbon bond-forming chemistry performedbyKSs
is at the core of polyketide synthesis (Figure 1; Figure S1 available
online). Catalysis is initiated when a polyketide intermediate is
transferred through transthioesterification from the ACP of one
module to the KS of the subsequent module. An extender unit-
bound ACP then docks to the polyketide-bound KS to enable a
decarboxylative condensation, generating a b-keto intermediate
that may be processed at its a- and b-carbons through the action
of a methyltransferase (MT), ketoreductase (KR), dehydratase
(DH), enoylreductase (ER), or b-branching enzyme. Unlike KSs
from cis-AT PKSs, KSs from trans-AT PKSs cluster into distinct
clades that correlatewith thechemistries of thea- andb-positions
of the accepted polyketide intermediate (Nguyen et al., 2008).
Recently it was shown that, at least in some cases, this
sequence-based correlation manifests in pronounced substrate
specificity (Jenner et al., 2013; Kohlhaas et al., 2013). An under-
standing of substrate specificity at the structural level is therefore
crucial for successful engineering of trans-AT PKSs.ts reserved
Figure 1. A Bacillaene Synthase Ketosynthase
PksKS2 is in PksJ, the subunit of a hybrid trans-AT polyketide synthase/nonribosomal peptide synthetase (PKS/NRPS) from Bacillus subtilis. Discrete poly-
peptides containing ATs and an ER (PksC, PksD, and PksE) cooperate in trans with the assembly line polypeptides (PksJ, PksL, PksM, PksN, and PksR) in the
construction of bacillaene. In the catalytic cycle of PksKS2, an intermediate is transferred from an ACP of the previous module before the malonyl-bound ACP of
the same module is condensed with it.
See also Figure S1.
Structure
Structure of a Ketosynthase from a trans-AT PKSHere we report the 1.95 A˚ resolution crystal structure of the KS
from the second PKS module of the bacillaene synthase
(PksKS2), the highest resolution available to date of a KS domain
from amodular PKS. The structure reveals a flanking subdomain
of the KS that is equivalent to the KS/AT adapter of cis-AT PKSs
and contains two loosely connected helices where the AT is
incorporated in cis-AT systems. The structure of a cysteine-to-
serine mutant acylated by both a hexanoyl group and the natural
polyketide intermediate help elucidate how trans-AT KSs control
substrate specificity, identifying the residues most likely to
impart this substrate tolerance. These findings were further elab-
orated through a mass spectrometry-based approach recently
developed to investigate the substrate specificity of trans-AT
KSs (Jenner et al., 2013).
RESULTS
Structure Determination
The boundaries chosen for PksKS2 were based on those used
to express KS+AT fragments from cis-AT PKSs, beginning six
residues N terminal to the IAIIG motif and ending six residues
C terminal to the LPxYPFxxxxxW motif (Tang et al., 2006,
2007). The 1.95 A˚ structure of PksKS2 was solved by molecular
replacement using a KS from the erythromycin synthase (Protein
Data Bank [PDB] code: 2QO3) as a search model (Tang et al.,
2007), revealing the KS dimer interface anticipated from related
enzymes (Figures 2 and S2; Table 1). Crystal structures of
PksKS2(Cys176Ser) bound to the natural substrate and a hexa-
noyl substrate were obtained through soaking and co-crystalli-
zation, respectively, of substrate analogs (Figures 3 and S3).
Comparison of PksKS2 to Other Type I Synthases
The architecture of the PksKS2 dimer is highly homologous to
the equivalent regions of other type I synthases (Ca root-mean-Structure 22,square deviation [rmsd]: 1.7 A˚ over 470 Ca with the third mod-
ule of the erythromycin PKS and 1.2 A˚ over 350 Ca with the
human FAS; Tang et al., 2007; Pappenberger et al., 2010). At
the C-terminal end of the 450-residue KS domain is incor-
porated an 100-residue subdomain with a b-a-a-b-a-b-a
fold (here referred to as the ‘‘flanking subdomain’’ and some-
times referred to as the ‘‘KS/AT adapter’’ in cis-AT PKSs or
‘‘ATd’’ in trans-AT PKSs; Figures 2, S2, and S3; Keatinge-
Clay, 2012; Calderone et al., 2006). In both cis-AT PKSs and
the metazoan FAS, the AT domain inserts between the final
b strand and a helix of the 100-residue subdomain, while in
PksKS2, two loosely connected helices, a17 and a18, insert
at this position. The final loop of the KS in trans-AT PKSs is
essentially identical to that in cis-AT PKSs, with an extended
LPxYPF peptide mediating the interaction with the flanking
subdomain. The equivalent peptide in metazoan FASs forms
a helical turn. In all type I systems, a conserved tryptophan
at the end of the final KS loop buries into a pocket near the
2-fold axis of the synthase.
The KSs of trans-AT and cis-AT PKSs are structurally more
similar to one another than to metazoan FAS KSs. Only seven
residues were found to consistently differ between trans-AT
and cis-AT PKSs (Table S1). Four of these are within 15 A˚ of
one another and together stabilize the position of helix a9.
Although oriented by distinct networks of residues, this two-
turn helix on the KS surface is equivalently located in cis-AT
and trans-AT PKSs and absent from the KSs of metazoan
FASs. Both types of PKS KS possess a longer, structured
loop between a1 and a2 compared to the KSs of metazoan
FASs.
KS Specificity
The active site of PksKS2 is homologous to the active sites of
the KSs from cis-AT PKS and metazoan FASs, with catalysis444–451, March 4, 2014 ª2014 Elsevier Ltd All rights reserved 445
Figure 2. PksKS2 Architecture
(A) Like 90% of trans-AT KSs, PksKS2 possesses a flanking subdomain
equivalent to the KS/AT adapter in cis-AT PKSs. One active site is indicated
with an asterisk.
(B) The flanking subdomain contains two loosely-connected helices, a17 and
a18, in the position that AT is inserted in cis-AT PKSs. The interaction between
the body of the KS and the flanking subdomain is primarily mediated by the
LPxYPF motif; nine unstructured residues link the body of the KS to the
flanking subdomain as indicated by the circles.
(C) The 1.95 A˚ resolution 2Fo-Fc electron density maps, contoured at 1.5 rmsd,
show the highest-resolution view yet available for a KS from a type I PKS.
Transfer of the polyketide intermediate to Cys176 is aided by His360. That
condensation-incompetent KSs usually lack the histidine equivalent to His311
implies its role in the chain elongation reaction.
See also Figure S2.
Structure
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446 Structure 22, 444–451, March 4, 2014 ª2014 Elsevier Ltd All righmediated by a cysteine and two histidines located within
TxCSSS, HGTGT, and KSNIGH motifs (as in cis-AT PKSs; Fig-
ures 2 and S3A; von Wettstein-Knowles et al., 2006; Zhang
et al., 2006). Phylogenetic studies of KS domains from trans-
AT systems have revealed that, in contrast to the KS domains
from cis-AT systems, a correlation exists between the biosyn-
thetic intermediate that a KS accepts and the primary sequence
of that KS (Nguyen et al., 2008). All residues within 15 A˚ of the
active site cysteine were examined for each of the 16 defined
KS clades because sets of these residues are likely responsible
for imparting substrate specificity (Figure 3).
Crystal structures of PksKS2 bound to substrates were
sought to help elucidate the physical interactions of polyketide
intermediates with KS active sites (Figures 3 and S3D). A com-
plex structure could not be obtained using crystals of wild-type
PksKS2. However, by mutating the active site cysteine to serine
and incubating PksKS2(Cys176Ser) with (S)-a-hydroxyisocap-
royl-g-aminobutyryl-S-N-acetylcysteamine (NAC), the natural
intermediate was observed covalently bound to the active site
serine (Calderone et al., 2008; Olsen et al., 2001). The ester
carbonyl forms a hydrogen bond with the Ile433 NH, and a
well-ordered water molecule adjacent to the ester (Wat1) is
coordinated by the catalytic histidines. In unbound PksKS2,
this water is only forming a hydrogen bond to His311; a simi-
larly located water has been proposed to participate in the
condensation reaction (Figure 2C; Zhang et al., 2006). Several
functional groups of the natural intermediate make favorable
interactions with active site residues: its amide NH forms a
hydrogen bond with the hydroxyl group of Tyr215, its hydroxyl
group forms a hydrogen bond with the carboxylate of Glu362,
and its gem-dimethyl terminus makes hydrophobic contacts
with Leu363 and Ile1510. By cocrystallizing PksKS2(Cys176Ser)
with the substrate mimic hexanoyl-S-pantetheine, a hexanoyl
group was also observed in the active site. As with the natural
intermediate, the ester carbonyl forms a hydrogen bond with
the NH of Ile433, and a well-ordered water molecule is coordi-
nated by the catalytic histidines. The a- and b-carbons of the
natural substrate and the hexanoyl group are closest to the
side chains of Tyr237, Glu362, and Ile433. The dihedral angles
neighboring the a- and b-carbons of the hexanoyl group and
the natural intermediate slightly differ due to favorable contacts
made between the natural intermediate and active site residues.
No electron density is observed for either the NAC or pante-
theine substrate handles, indicating that transesterificationts reserved
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Cell dimensions












Resolution (A˚) 30.7–1.90 43.5–2.30 33.7–2.83
Rsym or Rmerge 0.085 (0.979) 0.151 (0.815) 0.184 (0.969)
I/sI 23.7 (1.8) 6.3 (2.0) 11.8 (1.7)
Completeness (%) 97.4 (78.4) 93.3 (87.4) 98.5 (82.0)
Redundancy 3.6 (2.4) 3.6 (3.5) 7.4 (6.8)
Wilson B value (A˚2) 42.9 39.4 59.8
Refinement
Resolution (A˚) 29.70–1.95 43.47–2.35 33.08–2.90
No. reflections 114,754 52,829 35,693
Rwork/Rfree 0.194/0.227 0.203/0.255 0.193/0.235
No. atoms
Protein 9,270 9,161 9,270
Ligand – 28 14
Sulfate 30 – 30
Water 634 243 110
B factors
Protein 42.5 39.6 59.8
Ligand – 28.5 53.2
Sulfate 63.9 – 92.9
Water 46.6 35.8 45.7
Rmsd
Bond lengths (A˚) 0.0124 0.003 0.0026
Bond angles () 1.298 0.699 0.701
Ramachandran plot
Favored (%) 97.4 96.9 96.4
Allowed (%) 2.6 3.1 3.6
Disallowed (%) 0.0 0.0 0.0
Values in parentheses are for highest-resolution shell.
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Structure of a Ketosynthase from a trans-AT PKSliberated the handles into solvent. Mass spectrometry suggests
complete acylation of PksKS2(Cys176Ser) by the natural sub-
strate (Figures S4D and S4E).
A time-dependent, mass spectrometry-based method was
recently developed to examine KS specificity (Jenner et al.,
2013). This method was utilized to examine the specificity of
BaeKS2 with acyl-S-NAC substrates (Figures 4 and S4). This
KS from the B. amyloliquefaciens bacillaene synthase is the
equivalent of PksKS2 and possesses identical residues within
15 A˚ of the catalytic cysteine. BaeKS2 wasmost rapidly acylated
by the short b-ketoacyl-S-NAC 2. The acetamide analog of the
natural substrate, 3, and the other unbranched acyl-S-NACs 1,
4, and 6were also accepted. BaeKS2 tolerated amethoxy groupStructure 22,in the d position but not the b position, as indicated by the accep-
tance of 5 but not 7.
The Flanking Subdomain
Most KSs from trans-AT PKSs, including those from clades III
and X that do not catalyze chain elongation, contain a flank-
ing subdomain (Figure S3B). Only KSs from clades XIV and
XV, located within so-called bimodules, consistently do not
contain this subdomain (Piel, 2010; Nguyen et al., 2008).
Some flanking subdomains contain an inactive ACP domain,
inserted between a14 and a15, lacking the serine residue
to which the phosphopantetheinyl arm is normally attached
(Figure S3C).
The interaction of the AT domain with the KS/AT adapter in cis-
AT PKSs is primarily mediated by hydrophobic interactions be-
tween an a helix structurally equivalent to a19 of the flanking
subdomain and a groove in the AT domain. While the C-terminal
helix of some acyltransferases (e.g., Streptomyces coelicolor
FabD) is located in this groove, discrete ATs from trans-AT
PKSs often do not possess this helix (Keatinge-Clay et al.,
2003; Wong et al., 2011). However, docking an AT to PksKS2
through a19 results in a clash with a17 and a18 of the flanking
subdomain (Figure 5; Tang et al., 2007).
DISCUSSION
KS specificity is a central feature in trans-AT PKSs. The primary
role of many KSs is gatekeeping—they catalyze the specific
transfer of intermediates through the assembly line but do not
catalyze chain elongation. One example from the bacillaene syn-
thase is its final KS, which is condensation-incompetent but
apparently ensures that a polyketide intermediate has been
properly isomerized by the previous module before allowing it
to be off-loaded from the assembly line (Figure S1). Condensa-
tion-competent KSs also perform gatekeeping roles, and KSs
of the same clade have been shown to possess similar specific-
ities (Jenner et al., 2013; Figure 3 and S3A). PksKS2 belongs to
Clade V, members of which usually accept a,b-unsubstituted
substrates and, based on the presented crystallographic data,
could employ Tyr237 and Glu362 to select against a- and
b-branched substrates (b-keto substrate 2 may be able to
acylate BaeKS2 because it is shorter than the natural substrate
and possesses more degrees of freedom in the active site;
Nguyen et al., 2008; Figures S3D and S3E). Clade I KSs possess
smaller residues in these positions (phenylalanine and alanine,
respectively) that likely provide more space for the variety of
branched substrates they accept. The presented KS structures
suggest that the methionine N terminal to the catalytic
cysteine in a,b-olefin-accepting Clade IX KSs sterically blocks
a,b-branched and a,b-saturated substrates, which possess
greater steric bulk around their a- and b-carbons than a,b-olefin
substrates (Jenner et al., 2013). The asparagine N terminal to the
catalytic cysteine in Clade XVI KSs plays a critical role in the
acylation of KSs by amide-containing substrates generated
by nonribosomal peptide synthetase modules (Kohlhaas et al.,
2013). Modeling an asparagine residue in the place of Ala175
in PksKS2 reveals that its side chain carbonyl is in position
to form a hydrogen bond with the amide NH of those intermedi-
ates. While it is apparent that threading the sequence of a KS444–451, March 4, 2014 ª2014 Elsevier Ltd All rights reserved 447
Figure 3. PksKS2 Bound to Substrates
(A) To crystallographically observe the natural
substrate covalently bound at high occupancy,
mutation of the catalytic cysteine to serine was
necessary (crystals were soaked with the N-ace-
tylcysteamine thioester of the natural substrate).
The expected mass shift for the acyl group was
observed by mass spectrometry.
(B) A stereodiagram shows the Fo-Fc omit map
(contoured at 3.0 rmsd; substrate atoms, repre-
sented in salmon, were omitted prior to map
calculation) for the natural substrate of PksKS2.
The ester carbonyl forms a hydrogen bond with
Ile433. The side chains of Met220, Glu362, Ile433,
and Tyr237 are nearest to the a- and b-carbons of
the polyketide and may help confer specificity.
Hydrogen bonds, indicated with yellow dashes,
are each 2.9–3.1 A˚.
(C) Residues within 15 A˚ of the PksKS2 reactive
cysteine that vary between the 16 KS clades were
identified. The most highly represented residues
are shown for each clade.
See also Figure S3 and Table S2.
Structure
Structure of a Ketosynthase from a trans-AT PKSthrough the PksKS2 structure will be beneficial in modeling inter-
actions between that KS and its substrate, to determine the
precise contacts formed the crystal structure of that acylated
KS must be obtained, and site-directed mutagenesis of active
site residues will be necessary to determine their roles in
substrate selection. As demonstrated, mutating the catalytic
cysteine to serine prior to acylation with a small molecule analog448 Structure 22, 444–451, March 4, 2014 ª2014 Elsevier Ltd All rights reservedyields a highly stable ester adduct,
enabling the analysis of these informative
complexes.
Whether docking sites for discrete ATs
exist for trans-AT PKS KSs is unknown.
No feature of KS correlates with AT
docking since no consistent differences
are apparent between the surfaces of
trans-AT KSs and cis-AT KSs. The only
consistent difference between the flank-
ing subdomain from trans-AT KSs and
the equivalent region from other type I
systems are the two inserted helices
(a17 and a18) instead of an AT domain.
A discrete AT could dock to a19 of
PksKS2, through an interaction similar
to EryAT3 with the equivalent helix of
the KS/AT adapter. Such an interaction
could be made possible by discrete ATs
(e.g., PksC in the bacillaene synthase)
through the absence of the C-terminal
helix observed in Streptomyces coeli-
color FabD (Keatinge-Clay et al., 2003).
However, a17 and a18 of the flanking
subdomain would need to shift to enable
the AT to dock in this orientation (Fig-
ure 5). The length and composition of
a17 and a18 are not highly conserved
(Figure S3B) and are absent in the onlyother structure reported of a trans-AT KS domain (Bretschneider
et al., 2013).
Many condensation-incompetent KSs contain flanking subdo-
mains that would serve no purpose if their only role was to bind
AT. Since such a KSmust still interact with two ACPs to transfer a
polyketide through the assembly line, one could hypothesize that
the flanking subdomains help form the ACP docking sites (see
Figure 4. Examining KS Specificity byMass
Spectrometry
Acyl-S-NACs 1–7 were incubated with BaeKS2.
The formation of the acyl-enzyme intermediate
was monitored through mass spectrometry. Early
time points are reported in the subpanel. The
specificity of BaeKS2 is quite broad; however,
it does not tolerate a methoxy group at the
b-position.
See also Figure S4.
Structure
Structure of a Ketosynthase from a trans-AT PKSFigure S3F). However, even if the flanking subdomain facilitates
interactions with ACPs, their involvement is not always required.
KSs in clade XIV catalyze polyketide transfer between two ACPs
without this subdomain, and KSs in clade XV are able to perform
chain elongation without this subdomain. In the bacterial FAS,
the KS equivalents do not possess the subdomain but are
docked by carrier proteins for transthioesterification and chain
elongation reactions.
The 1.95 A˚ structure of PksKS2 reported here provides the
highest resolution view of a type I KS domain and reveals a
mysterious flanking subdomain containing two exposed heli-
ces where the AT is incorporated in cis-AT systems. The crys-
tallographic depiction of a KS bound to its natural intermediate
signifies the snapshot of a polyketide intermediate covalently
attached to an enzyme from within a PKS module and reveals
the locations of residues that control substrate specificity. The
structure of the KS active site correlates with phylogenetic
studies of KS specificity that were further elucidated in this
work by mass spectrometry. Together, the reported structural
and functional analysis provides much-needed, high-resolu-
tion insights into the most central enzyme of PKS assembly
lines.EXPERIMENTAL PROCEDURES
Cloning, Expression, and Purification
The gene corresponding to PksKS2 was cloned from B. subtilis and expressed
heterologously in Escherichia coli BL21(DE3). Cells were lysed by sonication,
and the hexa-histidine tagged PksKS2 was purified by immobilized metal
affinity chromatography and gel filtration. The plasmid encoding PksKS2
(Cys176Ser) was generated through standard gene mutation techniques.
Crystallization and Structure Determination
Crystals of PksKS2 grew over 2 days to 2 weeks by sitting drop vapor diffusion
at 22C in conditions containing a mixture of ammonium sulfate, lithium sul-
fate, and Tris-HCl. The structure was solved to 1.95 A˚ resolution from synchro-
tron data through molecular replacement, using a KS monomer of Ery(KS+AT)
3 (PDB code: 2QO3) as the search model.
To obtain crystals of PksKS2(Cys176Ser) bound to the natural substrate,
crystals were grown in the absence of substrate over 1–2 days by sitting
drop vapor diffusion at 22C in a mixture of PEG 3350 and tri-ammoniumStructure 22, 444–451, March 4, 2014citrate and were then soaked for 2 hr in the
same crystallization condition containing (S)-
a-hydroxyisocaproyl-g-aminobutyryl-S-NAC.
The structure was solved by molecular replace-
ment. Crystals of PksKS2(Cys176Ser) bound to
a hexanoyl group grew over 2–6 days by sitting
drop vapor diffusion at 22C in a crystallization
condition similar to the wild-type protein contain-
ing hexanoyl-S-pantetheine.For full details on protein purification, crystallization, chemical synthesis,
and mass spectrometry, see the Supplemental Experimental Procedures.
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The PDB accession codes for the atomic coordinates are 4NA1, 4NA2, and
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Figure 5. Clashes from AT Docking
If a discrete AT, such as the disorazole AT (DszAT, PDB code: 3RGI), were to
dock to PksKS2 in an equivalent position to what has been observed for cis-AT
PKSs, such as Ery(KS+AT)3 (PDB code: 2QO3) and the metazoan FAS, the AT
would clash with a17 and a18 of the flanking subdomain; however, these
loosely connected helices could shift. Sequence alignments of several trans-
AT domains reveal the absence of a helix equivalent to the final helix of
Streptomyces coelicolor FabD, which could enable an interaction with a19 of
the flanking subdomain.
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